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Abstract. We re–examine the case of anapole dark matter as an explanation for the DAMA
annual modulation in light of the DAMA/LIBRA–phase2 results and improved upper limits
from other DM searches. If the WIMP velocity distribution is assumed to be a Maxwellian,
anapole dark matter is unable to provide an explanation of the DAMA modulation compatible
with the other searches. Nevertheless, anapole dark matter provides a better fit to the
DAMA–phase2 modulation data than an isoscalar spin–independent interaction, due to its
magnetic coupling with sodium targets. A halo-independent analysis shows that explaining
the DAMA modulation above 2 keVee in terms of anapole dark matter is basically impossible
in face of the other null results, while the DAMA/LIBRA–phase2 modulation measurements
below 2 keVee are marginally allowed. We conclude that in light of current measurements,
anapole dark matter does not seem to be a viable explanation for the totality of the DAMA
modulation.
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1 Introduction
Weakly Interacting Massive Particles (WIMPs) provide one of the most popular explanations
for the Dark Matter (DM) that is believed to make up 27% of the total mass density of the
Universe [1] and more than 90% of the halo of our Galaxy. The scattering rate of DM WIMPs
in a terrestrial detector is expected to present a modulation with a period of one year due to
the Earth revolution around the Sun [2]. For more than 15 years, the DAMA collaboration [3–
5] has been measuring a yearly modulation effect in their sodium iodide target. The DAMA
annual modulation is consistent with what is expected from DMWIMPs, and has a statistical
significance of more than 9σ. However, in the most popular WIMP scenarios used to explain
the DAMA signal as due to DM WIMPs, the DAMA modulation appears incompatible with
the results from many other DM experiments that have failed to observe any signal so far.
This has prompted the need to extend the class of WIMP models. In particular, one
of the few phenomenological scenarios that have been shown [6] to explain the DAMA effect
in agreement with the constraints from other experiments is Anapole Dark Matter (ADM)
[7–10], for WIMP masses mχ <∼ 10 GeV/c
2.
Recently the DAMA collaboration has released first results from the upgraded DAMA/
LIBRA-phase2 experiment [11], increasing the significance of the effect to 12 σ. The two
most important improvements compared to the previous phases are that now the exposure
has almost doubled and the energy threshold has been lowered from 2 keV electron–equivalent
(keVee) to 1 keVee. While for mχ <∼ 10 GeV/c
2 the DAMA phase–1 data where only sen-
sitive to WIMP–sodium scattering events, the new data below 2 keVee are in principle also
sensitive to WIMP-iodine scattering, for WIMP speeds below the escape velocity in our
Galaxy. This feature has worsened the goodness of fit of the DAMA data using a standard
Spin-Independent interaction (SI) [12, 13].
In light of the DAMA/LIBRA–phase2 result, in the present paper we re–examine the
ADM scenario. Moreover, compared to the analyses in [6], we upgrade the constraints from
other direct detection experiments. In this analysis we use results from CDEX [14], CDM-
Slite [15], COUPP [16], CRESST-II [17, 18], DAMIC [19], DarkSide–50 [20], KIMS [21],
PANDAX-II [22], PICASSO [23], PICO-60 [24, 25], SuperCDMS [26] and XENON1T [27, 28].
The paper is organized as follows. In Section 2 we summarize the main features of
the ADM scenario, providing the formulas for WIMP direct detection expected rates; our
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main results are in Section 3, where we provide an updated assessment of ADM in light
of the DAMA–phase2 data and of the latest constraints from other direct detection experi-
ments, both assuming a Maxwellian WIMP velocity distribution and in a halo–independent
approach. Section 4 is devoted to our conclusions. In Appendix A we provide some details
on how the experimental constraints on ADM have been obtained.
2 The model
Anapole dark matter (ADM) is a spin–1/2 Majorana particle that interacts with ordinary
matter through the exchange of a standard photon. The ADM–photon interaction Lagrangian
density is
L =
1
2
g
Λ2
χ¯γµγ5χ∂νFµν , (2.1)
where χ is the ADM field, Fµν is the electromagnetic field strength tensor, g is a dimensionless
coupling constant, and Λ is a new physics scale.
In the nonrelativistic limit, the Hamiltonian for an ADM particle in an electromagnetic
field reduces to a coupling between the WIMP spin operator ~Sχ and the curl of the magnetic
field ~B, which by Maxwell’s equations is proportional to the electromagnetic current density,
H = −(2g/Λ2) ~Sχ · ~∇× ~B.
The nonrelativistic scattering of an ADM particle with a nucleon can also be described
by the contact interaction Hamiltonian
HχN =
2eg
Λ2
~S⊥χ ·
(
eN~v
⊥
χN + i
gN
2mN
~q · ~SN
)
. (2.2)
Here e is the elementary charge, eN is the nucleon charge in units of e (ep = 1, en = 0), gN is
the nucleon magnetic moment in units of nuclear magnetons e/2mN (gp = 5.585 694 713(46),
gn = −3.826 085 45(90)), mN is the nucleon mass, ~Sχ and ~SN are the spins of the WIMP
and the nucleon, respectively, ~q is the momentum transfer, and ~v⊥χN is the component of the
WIMP–nucleon relative velocity perpendicular to ~q.
The differential cross section per unit nucleus recoil energy ER for the scattering of an
ADM particle of speed v off a nucleus T of mass mT at rest is given by [6]
dσT
dER
= σref
mT
m2χN
v2min
v2
[
Z2T
(
v2
v2min
− 1
)
F 2E,T (q
2) + 2µ2T
m2χT
m2N
(
JT + 1
3JT
)
F 2M,T (q
2)
]
. (2.3)
Here vmin is the minimum WIMP speed necessary to transfer energy ER, q
2 = 2mTER is
the square of the momentum transfer, mχN and mχT are the DM–nucleon and DM–nucleus
reduced masses, respectively, ZT is the atomic number of the nucleus, µT is the magnetic
moment of the nucleus in units of the nuclear magneton e/2mN , JT is the nucleus spin, and
we have defined a reference cross section
σref ≡
2m2χN αg
2
Λ4
, (2.4)
where α = e2/4π ≃ 1/137 is the fine structure constant. In an elastic collision vmin is given
by
vmin =
|~q|
2mχT
=
√
mTER
2m2χT
. (2.5)
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In Eq. (2.3), the first term corresponds to a WIMP interaction with the nuclear charge,
proportional to the electromagnetic longitudinal form factor F 2E,T (q
2). The second term cor-
responds to a WIMP interaction with the nuclear magnetic field, described by the transverse
electromagnetic form factor F 2M,T (q
2). Both form factors are normalized to 1 for a vanishing
momentum transfer, i.e., F 2E,T (0) = F
2
M,T (0) = 1.
At the small q2 relevant for our analysis, the charge distribution gives the dominant
contribution to the electric form factor F 2E(q
2). Thus F 2E(q
2) is well described by the Helm
form factor [29].
On the other hand, for the light WIMPs we consider, the magnetic term in Eq. (2.3) is
negligible for all the nuclei we include in our analysis with the exception of sodium. Ref. [6]
took the magnetic form factor for sodium from Fig. 31 of Ref. [30], which is fitted well by
the approximate functional form
F 2M,Na(q
2) = (1− 1.15845q2 + 0.903442q4) exp(−2.30722q2) , (2.6)
where q is in units of fm−1. As an alternative, we have considered taking the sodium magnetic
form factor from the nuclear structure functions in Refs. [31, 32]. There, a WIMP-nucleon
contact Hamiltonian is expressed in terms of a set of Galilean–invariant interaction opera-
tors O, and the nuclear form factors are expressed in terms of structure functions W (q2).
The structure functions are available for a selection of nuclei relevant to DM direct detec-
tion, and are obtained from shell–model calculations. The ADM–nucleon Hamiltonian in
Equation (2.2) can be expressed in the notation of Refs. [31, 32] as
HχN =
∑
τ=0,1
(cτ8O8 + c
τ
9O9)t
τ , (2.7)
where τ is a nuclear isospin index, tτ is an isospin operator (t0 = 1 and t1 = τ3), and
cτ8 =
2eg
Λ2
eτ , cτ9 = −
eg
Λ2
gτ , (2.8)
with e0 = e1 = 1, g0 = gp+ gn, g
1 = gp− gn. The magnetic form factor is expressed in terms
of the structure functions W (q2) in Ref. [32] as
µ2T F
2
M,T (q
2) =
24πJT
(JT + 1)(2JT + 1)
∑
ττ ′
[
eτ eτ
′
W ττ
′
∆ (q
2) +
gτgτ
′
16
W ττ
′
Σ′ (q
2) +
eτgτ
′
2
W ττ
′
∆Σ′(q
2)
]
.
(2.9)
In particular, the nuclear magnetic moment µT is obtained by setting q
2 = 0 in the previous
equation. We have found that the nuclear structure functions calculated in [32] lead to a poor
prediction of the sodium magnetic moment, µNaI ≃ 0.395, compared to the measured value
µNaI ≃ 2.218. For this reason we did not use the nuclear structure functions in Ref. [32],
and instead used the sodium magnetic form factor in Equation (2.6), as previously done in
Ref. [6].
3 Analysis
In direct DM detection searches, the primary observable is the number of events counted
within an interval or region of “signal” values, where the “signal” values are expressed in
electron-equivalent energies (e.g., E′ in DAMA) or number of photoelectrons (e.g., cS1 and
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cS2 in XENON1T) or bubble nucleation energies (e.g., Eth in PICO). Using an electron-
equivalent energy interval [E′1, E
′
2] as a proxy for other kinds of “signal” regions, the expected
event rate within [E′1, E
′
2] per unit detector mass for elastic WIMP scattering off nuclei is
given by (see for example Ref. [33] for details)
R[E′
1
,E′
2
](t) =
ρχ
mχ
∑
T
CT
mT
∫
∞
0
dER
∫
∞
vmin(ER)
dv f(v, t) v
dσT
dER
(ER, v) ǫ[E′
1
,E′
2
](ER). (3.1)
Here ρχ is the DM mass density, mχ is the DM particle mass, CT is the mass fraction of nuclei
T in the target, f(v, t) is the DM speed distribution in the reference frame of the detector,
and ǫ[E′
1
,E′
2
](ER) is the total efficiency for counting nuclear recoil events of energy ER in the
region [E′1, E
′
2]. The total counting efficiency is generically a product of the experimental
acceptance ǫ(E′) of an event at “signal” value E′, which depends on selection criteria, and
the probability GT (E
′|ER) that a nuclear recoil event of energy ER produces a “signal” E
′,
ǫ[E′
1
,E′
2
](ER) =
∫ E′
2
E′
1
dE′ ǫ(E′)GT (E
′|ER) . (3.2)
The probability density function GT (E
′|ER) depends on the target nucleus, and incorporates
the detector resolution function and the mean values E′(ER). The latter can be expressed
in terms of quenching factors or scintillation efficiencies (see Appendix A for details).
By changing the order of integration between v and ER, Eq. (3.1) can be cast into the
form [33]
R[E′
1
,E′
2
](t) =
ρχ
mχ
σref
∫ ∞
0
dv f(v, t)H[E′
1
,E′
2
](v) , (3.3)
where
H[E′
1
,E′
2
](v) =
∑
T
CT
mT
∫ Emax
R
(v)
0
dER
v2
σref
dσT
dER
(ER, v) ǫ[E′
1
,E′
2
](ER). (3.4)
Here EmaxR (v) = 2m
2
χT v
2/mT . Defining the velocity integral
η(vmin, t) =
∫
∞
vmin
dv
f(v, t)
v
, (3.5)
and integrating Eq. (3.3) by parts, the rate can be expressed in the form
R[E′
1
,E′
2
](t) =
∫ ∞
0
dvmin η˜(vmin, t)R[E′
1
,E′
2
](vmin) , (3.6)
where η˜(vmin, t) is the rescaled velocity integral
η˜(vmin, t) =
ρχ
mχ
σref η(vmin, t), (3.7)
and R[E′
1
,E′
2
](vmin) is the response function
R[E′
1
,E′
2
](vmin) =
∂H[E′
1
,E′
2
](v)
∂v
∣∣∣∣∣
v=vmin
. (3.8)
In the following, we simply write R when we do not need to specify [E′1, E
′
2] or vmin.
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An explicit example of the response function (3.8) for DAMA is provided in Fig. 1,
where R is plotted as a function of vmin for mχ = 7 GeV/c
2 and for the two energy bins (a)
1 keVee < E′ < 1.5 keVee and (b) 2 keVee < E′ < 5.5 keVee. In both plots, the dot–dashed
lines (red) and the dashed lines (green) represent the contributions to R from WIMP–sodium
and WIMP–iodine scattering, respectively.
Due to the revolution of the Earth around the Sun, the velocity integral η˜(vmin, t) shows
an annual modulation that can be approximated by the first terms of a harmonic series,
η˜(vmin, t) = η˜
0(vmin) + η˜
1(vmin) cos[ω(t− t0)] , (3.9)
with t0=2 June being the time of modulation maximum, ω = 2π/T and T = 1 year. As a
consequence, the expected rate shows a similar time dependence
R[E′
1
,E′
2
](t) = R
0
[E′
1
,E′
2
] +R
1
[E′
1
,E′
2
] cos[ω(t− t0)] . (3.10)
The two components η˜0 and η˜1 respectively drive the unmodulated (i.e., time-averaged) part
of the DM signal (to which all direct detection experiments are sensitive) and the modulated
part of the DM signal (the measurement of which requires large exposures and good detector
stability, and represents a possible explanation of the annual modulation observed by the
DAMA experiment).
3.1 Maxwellian velocity distribution
In this Section we assume that the WIMP velocity distribution in the Galactic rest frame is
a standard isotropic Maxwellian at rest, truncated at the escape velocity vesc,
fgal(u) =
1
π3/2v30Nesc
e−u
2/v2
0 Θ(vesc − u). (3.11)
Here u is the WIMP speed in the Galactic rest frame, Θ is the Heaviside step function, and
Nesc = erf(z)− 2 z e
−z2/π1/2 (3.12)
with z = vesc/v0. The WIMP speed distribution in the laboratory frame can be obtained
with a change of reference frame. It depends on the speed of the Earth with respect to the
Galactic rest frame, which neglecting the ellipticity of the Earth orbit, is given by
vE(t) =
[
v2⊙ + v
2
⊕ + 2 v⊙ v⊕ cos γ cos[ω(t− t0)]
]1/2
. (3.13)
In this formula, v⊙ is the speed of the Sun in the Galactic rest frame, v⊕ is the speed of the
Earth relative to the Sun, and γ is the ecliptic latitude of the Sun’s motion in the Galaxy. We
take cos γ ≃ 0.49, v⊕ = 2π(1 AU)/(1 year) ≃ 29 km/s, v⊙ = v0+12 km/s, v0 = 220 km/s [34],
and vesc = 550 km/s [35].
The velocity integral η(vmin, t) for the truncated Maxwellian distribution can finally be
computed from the expression of the speed distribution. We have obtained its modulated
and unmodulated parts by expanding η(vmin, t) to first order in v⊕/v⊙.
The expected modulation amplitude Sm,k in the k-th DAMA bin depends on the WIMP
mass mχ and on the reference cross section σref (actually, on the product σrefρχ; we use
a reference value ρχ = 0.3 GeV/c
2/cm3). To check how well ADM with a Maxwellian
– 5 –
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Figure 1. DAMA ADM response functions R as defined in Eq (3.8) formχ = 7 GeV/c
2 in two energy
bins: (a) 1 keVee < E′ < 1.5 keVee, and (b) 2 keVee < E′ < 2.5 keVee. In each plot the dot–dashed
lines (red) and the dashed lines (green) represent the sodium and the iodine contribution, respectively.
The solid purple line shows the function v−10R for NaI used in the regularization procedure of
Eq. (3.16), when the magnetic contribution to the WIMP–sodium cross section is calculated using
Eq. (2.6). The dotted line (blue) shows the same quantity but computed using the shell–model
calculations of the nuclear structure functions in [32], Eq. (2.9).
distribution fits the DAMA/LIBRA–phase2 data Sexpm,k ± σk in [11], we perform a χ
2 analysis
constructing the quantity
χ2(mχ, σref) =
15∑
k=1
[
Sm,k(mχ, σref)− S
exp
m,k
]2
σ2k
. (3.14)
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Figure 2. Anapole Dark Matter 5σ DAMA modulation regions in the mχ–σref plane (inside the two
closed solid red lines) when the WIMP velocity distribution is taken as a standard Maxwellian, and
90% C.L. upper bounds on σref from other DM direct searches (other lines).
101 102 103
mχ (GeV/c2)
101
102
χ2
SI, Isoscalar
ADM
Figure 3. Minimum of χ2(mχ, σref) in Eq. (3.14) at fixedmχ for anapole dark matter (red dot–dashed
line) and a spin-independent isoscalar interaction (blue solid line).
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We consider 14 energy bins of width 0.5 keVee from 1 keVee to 8 keVee, and one wider
high–energy control bin extending from 8 keVee to 16 keVee.
The global minimum of χ2(mχ, σref) for ADM occurs at mχ = 9.6 GeV/c
2, σref =
5.5×10−34 cm2, and its value is χ2min = 11.1 (p-value = 0.602 with 15−2 degrees of freedom,
which is an indication of a good fit).
The 5σ DAMA modulation regions are plotted in Fig. 2 as the two regions inside the
contour χ2(mχ, σref) = χ
2
min + 5
2 in the mχ–σref plane. The region at lower masses (around
mχ ≈ 10 GeV/c
2 and σref ≈ 10
−33 cm2) contains the global minimum of the χ2. The region
at higher masses (around mχ ≈ 50 GeV/c
2 and σref ≈ 3× 10
−35 cm2) contains a secondary
local minimum. The other lines in Fig. 2 are the 90% upper bounds from other existing DM
direct–detection experiments (the region above each line is excluded). As expected, and in
agreement with [6], a DAMA explanation in terms of ADM is excluded by the null results of
other experiments, for a Maxwellian WIMP velocity distribution.
In the rest of this section we compare the ADM χ2 to the χ2 of the often-quoted isoscalar
spin-independent case, and we comment on the relative importance of scattering off sodium
vs iodine.
In Fig. 3, the minimum of χ2(mχ, σref) in Eq. (3.14) at fixed mχ is plotted as a dot–
dashed line (red) as a function ofmχ (this is the χ
2 obtained by profiling out σref). The global
minimum around mχ ≈ 10 GeV/c
2 and the secondary minimum around mχ ≈ 50 GeV/c
2
are clearly visible. Fig. 3 also shows (solid blue line) the minimum of the χ2 at fixed mχ for
an isoscalar spin-independent (SI) cross section, which scales with the square of the nuclear
mass number. Also in this case two local minima are present. However now the absolute
minimum is the one with the largest mass [12], while the low–mass local minimum at mχ=8.8
GeV/c2 has a χ2 significantly larger (χ2min = 50.3) than in the ADM case.
The different behavior of the χ2 in the ADM and SI cases can be understood from the
different hierarchy of the WIMP–iodine and WIMP–sodium cross sections in the two cases. In
fact, differently from the situation with DAMA–phase1, in the two additional low–energy bins
from 1 keVee to 2 keVee of DAMA–phase2 the modulation effect receives a contribution from
WIMP scattering off iodine targets also at low WIMP masses (below 10 GeV/c2). This can
be seen in Fig. 1(a) for mχ=7 GeV/c
2, where for 1 keVee< E′ <1.5 keVee the contribution to
R from WIMP–iodine scattering is different from zero when vmin >∼ 700 km/s, a range below
the escape velocity in the lab frame (for our standard choice of the astrophysical parameters
summarized after Eq. (3.13)). On the other hand, as shown in Fig. 1(b), for the same WIMP
mass and for 2 keVee < E′ < 2.5 keVee (i.e., in the lowest energy bin of DAMA–phase1)
WIMP–iodine scattering does not contribute to the expected signal until the WIMP speed
is well above the escape velocity. For SI interactions, due to the large hierarchy between the
WIMP–iodine and WIMP–sodium cross sections, the additional contribution from WIMP–
iodine scattering is known to lead to a steep rise of the expected modulation amplitudes for
E′ < 2 keVee. This rise is incompatible with the DAMA–phase2 measurements, worsening
considerably the goodness–of–fit in going from DAMA–phase1 to DAMA–phase2 [12, 13].
On the other hand, in the case of ADM, for low WIMP masses the cross section in Eq. (2.3)
takes its dominant contribution from the magnetic component in sodium. This can be seen by
examining the NaI response functions R in Fig. 1. The response functions R (appropriately
multiplied by the factor v−10, see next Section) are the solid purple line when F 2m,Na(q
2) is
evaluated using Eq.(2.6), and the dotted line (blue) when F 2m,Na(q
2) is evaluated using the
nuclear structure functions of Ref. [32]. As pointed out in Section 2, the form factors in
[32] largely underestimate the measured sodium magnetic moment, so that in such case the
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WIMP–sodium cross section is only due to the electric part. Thus, in Fig. 1, the difference
between the two evaluations of R (solid purple line vs dotted blue line) is due to the magnetic
component in sodium. This implies that for ADM, when the magnetic contribution of Na is
included, it is the dominant one. In particular, near the absolute minimum of the χ2, the
enhancement of the sodium contribution due to the magnetic component of the cross section
reduces the hierarchy between the ADM WIMP–iodine and WIMP–sodium cross sections
compared to the SI case. It is this that produces a fit of better quality. The ADM χ2 in
Fig. 3 also shows a milder rise at large mχ compared to the SI interaction. This is a general
property of models for which the cross section depends explicitly on the WIMP incoming
velocity. This kind of models provides a better fit to the DAMA modulation data at large
values of mχ than models with a velocity–independent cross–section, due to the different
phase of the modulation amplitudes [13].
3.2 Halo–independent analysis
In the halo–independent method of Refs. [6, 33], measured rates Ri[E′
1
,E′
2
] (with i = 0, 1)
are mapped into suitable averages of the two halo functions η˜i. Ref. [33] defines averages
η˜i[vmin,1,vmin,2] (i = 0, 1) using R(vmin) in Eq. (3.8) as a weight function,
η˜i[vmin,1,vmin,2] =
∫∞
0 dvmin η˜
i(vmin)R[E′
1
,E′
2
](vmin)∫∞
0 dvminR[E′1,E′2](vmin)
. (3.15)
The velocity intervals [vmin,1, vmin,2] are defined as those velocity intervals where the weight
function R[E′
1
,E′
2
](vmin) is sizeably different from zero.
In the case of ADM, the integral in the denominator of Eq. (3.15) diverges because the
differential cross section in Eq. (2.3) depends on a power of v larger than −2. Ref. [6] found a
solution to this complication by using the weight functions v−rminR(vmin) in place of R(vmin),
where r is a suitable integer. Regularized averages of η˜i (i = 0, 1) are defined as
v−rmin〈v
r
minη˜
i〉[vmin,1,vmin,2] =
∫∞
0 dvmin v
r
min η˜
i(vmin)w
(r)
[E′
1
,E′
2
]
(vmin)
vrmin
∫∞
0 dvminw
(r)
[E′
1
,E′
2
]
(vmin)
, (3.16)
where
w
(r)
[E′
1
,E′
2
]
(vmin) = v
−r
minR[E′1,E′2](vmin). (3.17)
The velocity intervals [vmin,1, vmin,2] are defined as those velocity intervals where the weight
function w
(r)
[E′
1
,E′
2
]
(vmin) is sizeably different from zero.
Estimates of the regularized averages v−rmin〈v
r
minη˜
i〉[vmin,1,vmin,2] from measurementsR
i
[E′
1
,E′
2
]
are obtained by noticing that the numerator in Eq. (3.16) is equal to the numerator in
Eq. (3.15) and is equal to Ri[E′
1
,E′
2
] by Eqs. (3.6) and (3.10),
v−rmin〈v
r
minη˜
i〉[vmin,1,vmin,2] =
Ri[E′
1
,E′
2
]
vrmin
∫∞
0 dvmin v
−r
minR[E′1,E′2](vmin)
. (3.18)
For the DAMAmodulation, estimates of η˜1 as the regularized average v−rmin〈v
r
minη˜
1〉[vmin,1,vmin,2]
with r = 10 are shown as crosses in Figs. 4, 5 and 6, where mχ = 5, 7 and 10 GeV/c
2, respec-
tively. In these figures we show the DAMA modulation amplitude in the first 6 energy bins
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Figure 4. Measurements of v−10
min
〈v10
min
η˜1(vmin)〉 (DAMA) and upper bounds on η˜
0 (other experiments)
for anapole dark matter with mχ = 5 GeV/c
2.
of [11] from 1 keVee to 6 keVee, where the modulation signal is concentrated. To determine
the vmin interval corresponding to each detected energy interval [E
′
1, E
′
2] in DAMA we choose
to use 68% central quantile intervals of the modified response function w
(r)
[E′
1
,E′
2
]
(vmin), i.e,,
we determine vmin,1 and vmin,2 such that the areas under the function v
−r
minR[E′1,E′2](vmin) to
the left of vmin,1 and to the right of vmin,2 are each separately 16% of the total area un-
der the function. This gives the horizontal width of the crosses corresponding to the rate
measurements in Figs. 4, 5 and 6. On the other hand, the horizontal placement of the ver-
tical bar in the crosses corresponds to the average of vmin using weights w
(r)
[E′
1
,E′
2
]
(vmin), i.e.,
vmin(vertical bar) =
[ ∫∞
0 dvmin v
1−r
minR[E′1,E′2](vmin)
]
/
[ ∫∞
0 dvmin v
−r
minR[E′1,E′2](vmin)
]
. The ex-
tension of the vertical bar shows the 1σ interval around the central value of the measured
rate.
To compute upper bounds on η˜ 0 from upper limits Rlim[E′
1
,E′
2
] on the unmodulated rates,
we follow the conservative procedure in Ref. [36]. Since η˜ 0(vmin) is by definition a non-
decreasing function, the lowest possible η˜0(vmin) function passing through a point (v0, η˜
0) in
vmin space is the downward step function η˜
0 θ(v0 − vmin). The maximum value of η˜
0 allowed
by a null experiment at a certain confidence level, denoted by η˜lim(v0), is then determined
by the experimental limit on the rate Rlim[E′
1
,E′
2
] as
η˜lim(v0) =
Rlim[E′
1
,E′
2
]∫ v0
0 dvminR[E′1,E′2](vmin)
. (3.19)
These upper limits are shown as continuous lines in Figs. 4, 5 and 6 for the experiments listed
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Figure 5. Same as Fig.4 but for mχ = 7 GeV/c
2.
there and in Appendix A.
We see that the DAMA points lie either in the excluded region or just at its boundary
(determined by the constraints from DS50, CDMSLite, PANDAX–II and XENON1T). The
best we could find in terms of compatibility between DAMA and the other experiments are
the two lowest energy DAMA bins barely outside the excluded region at mχ ≈ 7–8 GeV/c
2.
In particular, it appears impossible to explain all modulated bins in DAMA with anapole
dark matter and at the same time account for the other null direct DM search results, even
in the context of a halo-independent analysis. This is in sharp contrast to the situation four
years ago when anapole dark matter was still viable when analyzed in a halo–independent
way [6].
To be pedantic, one could object that we are actually comparing two quantities defined
differently for the modulated and unmodulated parts of the DM signal, namely Eq. (3.18) and
Eq. (3.19). For the two lowest DAMA energy bins that lie near the boundary of the excluded
region in Figs. 4–6 (near the CDMSlite, DS50, and PANDAX-II upper limits), one may want
to consider more sophisticated analysis methods in which such objection is avoided (e.g.,
the method of Ref. [37]). On the other hand, the DAMA bins above 2 keVee are excluded
by XENON1T, PANDAX-II, and PICO(C3F8) by several orders of magnitude, and a more
sophisticated analysis is not warranted.
4 Conclusions
We have re–examined the case of anapole dark matter as an explanation for the DAMA
annual modulation in light of the DAMA/LIBRA–phase2 results and improved upper limits
from other DM searches.
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Figure 6. Same as Fig.4 but for mχ = 10 GeV/c
2.
.
For a Maxwellian WIMP velocity distribution, anapole dark matter is unable to provide
an explanation of the DAMA modulation compatible with the other direct DM search results.
Nevertheless, anapole dark matter provides a better fit to the DAMA–phase2 modulation
data than a a standard isoscalar spin–independent interaction. This is due to the contribution
from the magnetic moment of sodium, which reduces the hierarchy between the ADMWIMP–
iodine and WIMP–sodium cross sections compared to the SI case.
A halo-independent analysis shows that explaining the DAMA modulation above 2
keVee in terms of anapole dark matter is basically impossible in the face of the null results of
XENON1T, PANDAX-II, and PICO(C3F8). On the other hand, the DAMA/LIBRA–phase2
modulation measurements below 2 keVee lie near the border of the excluded region.
We conclude that in light of current measurements, anapole dark matter does not seem
to be a viable explanation for the totality of the DAMA modulation, not even in a halo–
independent analysis, although the DAMA/LIBRA–phase2 modulation measurements below
2 keVee are marginally allowed.
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A Experiments
In our analysis we have included an extensive list of updated constraints from existing
DM direct-search experiments: CDEX [14], CDMSlite [15], COUPP [16], CRESST-II [17,
18], DAMIC [19], DAMA (modulation data [3, 4, 11, 38] and average count rate [39],
indicated as DAMA0 in the plots), DarkSide–50 [20] (indicated as DS50 in the plots),
KIMS [21], PANDAX-II [22], PICASSO [23], PICO-60 (using a CF3I target [24] and a C3F8
target [25]), SuperCDMS [26] and XENON1T [27]. With the exception of the latest result
from XENON1T [28], the details of the treatment of the other constraints are provided in
the Appendix of [40]. For XENON1T (2018 analysis), we have assumed 7 WIMP candidate
events in the range of 3PE ≤ S1 ≤ 70PE, as shown in Fig. 3 of Ref. [28] for the primary
scintillation signal S1 (directly in Photo Electrons, PE), with an exposure of 278.8 days and
a fiducial volume of 1.3 ton of xenon. We have used the efficiency taken from Fig. 1 of [28]
and employed a light collection efficiency g1=0.055; for the light yield Ly we have extracted
the best estimation curve for photon yields 〈nph〉/E from Fig. 7 in [41] with an electric field
of 90 V/cm.
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